To understand the effect of grain size on the thermal fatigue behavior and dynamic recrystallization during the thermal fatigue process in ferritic stainless steel, interrupted testing of thermal fatigue in the temperature range from 473 K (minimum) to 1073 K (maximum) with a restriction ratio of 50% was conducted for fine-grained (diameter: 38 µm) and coarse-grained (diameter: 221 µm) specimens in a Nb-and Si-added ferritic stainless steel tube. The fine-grained specimen showed a small inelastic strain range during the thermal fatigue process and a longer life than the coarse-grained specimen. Microstructure observation by electron back-scatter diffraction revealed that dynamic recovery and recrystallization occurred during the thermal fatigue process. However, the coarse-grained specimen showed lower nucleus density and retardation of the recrystallization in comparison with the fine-grained specimen. From a supposition of the accumulation of the inelastic strain range during thermal fatigue cycles, the relationship between the accumulation strain and Zener-Hollomon parameter for dynamic recovery and recrystallization almost accorded with previous knowledge on this tendency. In addition, we found that for the steady-state recrystallized grain size in thermal fatigue cycles, there was little initial grain size dependence.
Introduction
Control of the microstructure and grain refinement through thermo-mechanical processing has been recognized to contribute to improving the characteristics of numerous materials. 17) Recrystallization is the most basic principle for grain refinement in steel, along with phase transformation. Dynamic restoration by recovery and recrystallization is caused by the introduction, disappearance, and rearrangement of dislocations during high-temperature deformation. Control of the grain size by dynamic recrystallization during hightemperature deformation is possible by modifying the processing conditions, e.g., temperature and strain rate. In ferritic steels, dynamic recovery is mainly thought to occur during high-temperature deformation. Several reports have clarified the mechanism of dynamic recrystallization.
812)
Research by Tsuji et al. 11, 12) clarified that dynamic recrystallization occurred when ferritic steel was compressively deformed under the condition of a relatively low ZenerHollomon parameter (Z). In the experiments concerning dynamic recrystallization in previous studies, tension, compression, and torsion tests at high temperatures were performed, and considerably high deformation was important for producing a very fine-grained structure.
In contrast, for heat-resistant ferritic stainless steel applied to automotive exhaust system parts, the most important characteristic is thermal fatigue because the material is subjected to many thermal and strain cycle conditions because of the exhaust gas and engine operation. 13) In studies 14, 15) on thermal fatigue wherein the temperature and strain change repeatedly in ferritic stainless steels, dynamic recrystallization was found to occur during the thermal fatigue process and a relationship was identified between misorientation and thermal fatigue damage. However, the influence of the initial grain size is expected to change the behavior and the microstructure during thermal fatigue. Therefore, the present study investigated the effect of the initial grain size on the life, stress and strain response, and dynamic recrystallization during the thermal fatigue process of representative heat-resistant ferritic stainless steel.
Experimental Procedures

Specimen preparation
A heat-resistant ferritic stainless steel tube (13.3%Cr 0.47%Nb0.86%Si0.004%C0.008%N; ¤38.1 © 2 mm thick) was used as the test material. 15) Conventionally, various types of steel have been developed as heat-resistant ferritic stainless steel for fabricating automotive exhaust manifold systems.
1619) The used steel is one of the representative steels. We added Nb and Si to the steel tube for improving its high-temperature strength, thermal fatigue, and oxidation characteristics. To obtain specimens with different grain sizes, the materials were subjected to different heat treatments before the thermal fatigue test. The specimen subjected to heat treatment at 1223 K for 30 s, followed by air-cooling, was considered to be a fine-grained material. Another specimen subjected to heat treatment twice, once at 1423 K for 30 s and then at 1223 K for 30 s, each followed by air-cooling, was considered to be a coarse-grained material. Figure 1 shows the microstructures of the materials viewed using an optical microscope. Both materials were ferrite single-phase recrystallized structures, and the average grain diameters of the fine-and coarse-grained specimens were 38 and 221 µm, respectively. In addition, the measured Vickers hardness (1 kgf ) at the center layer of the tube was 150 and 140, respectively, for the fine-and coarse-grained specimens; the hardness of the former was higher owing to the effect of the grain size.
Thermal fatigue test
As in previous studies, 1416) a thermal fatigue test using a tube specimen was conducted with a controlled restriction ratio and with the aid of a servo-hydraulic testing machine and a heating and cooling system for controlling the temperature profile with assistance from a computer. The tube specimen has a length of 170 mm, and has a structure allowing air passage through the hollow part of length 40 mm. 1416) Figure 2 shows the waveforms of the temperature and mechanical strain range acting on the materials in two cycles. Here, the stain range on the basis of the strain at 473 K (minimum temperature) is assumed to be the mechanical strain range. The specimen was heated to 1073 K at a heating speed of 4 K/s from outside with a highfrequency induction heating system and held at 1073 K for 30 s. Then, it was cooled to 573 K at a cooling speed of 4 K/s and to 473 K at a cooling speed of 1 K/s later via output control of the high-frequency induction heating and ventilation from the inside of the tube. The strain in the tube axis direction was measured using an extensometer with a gauge length of 12 mm, and the temperature distribution within the gauge length was adjusted within «5 K including the circumferential direction. The temperature and axial strain of the specimen were synchronized so that the axial restriction ratio for free thermal expansion became constant (i.e., 50%) at each temperature during the heat cycle. Therefore, a compression strain acted on the material and the strain rate was approximately 7 © 10 ¹6 and 3 © 10 ¹5 s
¹1
in each temperature range. The examination was interrupted at 300, 500, and 700 cycles before thermal fatigue life.
Microstructural observation
Microstructural observations of the inside of the tube at the center along the axial direction of the interrupted and fractured specimens were conducted using optical microscopy and electron back-scatter diffraction (EBSD) with field emission scanning electron microscopy (acceleration voltage: 25 kV; beam step: 1 µm).
Results and Discussion
Thermal fatigue behavior
Examination was conducted for 1174 and 1000 cycles for the fine-and coarse-grained specimens, respectively, and the penetration of the crack was confirmed in the abovementioned cycles. Figure 3 shows the changes in the maximum and minimum stress with an increase in the number of thermal fatigue cycles. Both specimens showed softening with an increase in the number of thermal fatigue cycles, and this behavior was similar to that reported in a previous study; 15) however, the stress of the fine-grained specimen was higher than that of the coarse-grained specimen. In this figure, the inflection points at which the stress suddenly decreases are indicated by arrows; for the fine-and coarse-grained specimens, the number of cycles is 1024 and 891, respectively. In this study, the inflection points were considered the life cycle. From this result, it was recognized that the fine-grained material had a longer life than the coarse-grained material in this experimental condition.
As representative hysteresis loops indicating the response of stress and strain during thermal fatigue examination, Fig. 4 shows the hysteresis loops in tenth cycle. Compression strain occurred during the heating cycle, and compression and tensile stress occurred during heating and cooling, respectively. Although the total mechanical strain range per cycle was approximately 0.41% by nominal strain in both specimens, the inelastic stain range of the fine-grained specimen was slightly smaller than that of the coarse-grained specimen. Specifically, the inelastic strain ranges for the fineand coarse-grained specimens were 0.22% and 0.25%, respectively. During cooling, the fine-grained specimen showed higher tensile stress in comparison with the coarsegrained specimen. From previous studies, the thermal fatigue life is known to increase with a decrease in the inelastic strain range. 14, 20) Because the fine-grained specimen has a higher hardness at room temperature, it is hypothesized that the strength in the relatively low-temperature range in the thermal fatigue process from 473 K to 1073 K influenced the difference of the inelastic strain range by the initial grain size. This difference may influence the thermal fatigue life. Figure 5 shows the changes in microstructures during thermal fatigue using an optical microscope. Compared to the microstructure before the test shown in Fig. 1 , grain refinement occurred with increasing number of cycles. In particular, grain refinement was remarkable after 1174 cycles for the fine-grained specimen. In contrast, for the coarsegrained specimen, inhomogeneous microstructures and unclear grain boundaries were observed. A magnified image after 700 cycles for the coarse-grained specimen is shown in Fig. 6 . Numerous fine grains were observed in the initial grain interiors, and grain refinement was also confirmed for the coarse-grained specimen. However, most new grain boundaries were indistinct at this stage. A magnified image of the coarse-grained specimen after 300 cycles is shown in Fig. 7 . It can be seen that plastic deformation occurs heterogeneously and that deformation bands develop in the grain interiors. These deformation bands are equivalent to a micro-shear band and lead to the rotation and formation of new fine grains.
Microstructures
3)
Changes in grain boundaries
To determine the grain boundary characteristics during the thermal fatigue process, the grain boundary maps in Fig. 8 of the (a and f ) initial, (bd and gh) interrupted, and (e and j) fractured specimens with (ae) fine grains and (fj) coarse grains were studied. In this figure, red lines denote low-angle grain boundaries with a misorientation angle of 2°or more and less than 15°, and black lines denote high-angle grain boundaries with a misorientation angle of more than 15°. In the case of fine-grained specimens, many subgrains with lowangle boundaries were clearly observed in the initial highangle grain interior after 300 cycles. With the progress of the thermal fatigue cycling, very fine grains with a high-angle boundary formed and grain refinement was promoted. This result is similar to that of a previous study, 15) and it is recognized that dynamic recrystallization, accompanied by uniaxial and fine grain formation occurred during the thermal fatigue process. Moreover, in consideration of previous study, 15) the characteristics of formation of subgrains and the equaxed fine grains having high-angle boundary in the initial high-angle grain interior is similar to the feature of continuous recrystallization. 21) Although it can not be concluded whether dynamic recrystallization in this experiment is strictly "continuous" or "discontinuous", since the difference in grain size between new grains and subgrains is small, it seems to be closer to "continuous" recrystallization than "discontinuous" in which specific grains grow. 15) However, in the case of the coarse-grained specimen, after 300 cycles, low-angle boundaries were formed in the initial grain interiors, but the formation was inhomogeneous and the rate of subgrain formation was lower than that observed in the case of fine-grained specimens. For the coarse-grained specimen, after 500 cycles, subgrains were clearly observed in the initial grain interior. Figure 9 (a) shows an inverse pole figure map of the axial direction obtained via EBSD measurements for the coarse-grained specimen interrupted at 500 cycles, and Fig. 9(b) indicates the expected initial grain boundaries in Fig. 9(a) . In the initial grain interior, numerous low-and high-angle boundaries were recognized. In addition, rotation of the crystal orientation occurred at the location indicated by the black arrows. Moreover, subgrains were found to have formed easily near high-angle grain boundaries. Furthermore, we found that the nucleation of new grains with a low-angle boundary similar to a "necklace" structure partially occurred at or near the pre-existing grain boundary indicated by the thick white arrows in this figure. Because the necklace-like structure in dynamic discontinuous recrystallization is generally observed due to a large difference in the size between the initial and new grain sizes and has high-angle boundary.
1,36) Thus, the "necklace"
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Thickness direction structure with low-angle boundaries observed in this study is different from that in general dynamic recrystallization. However, it seems, and therefore can be hypothesized, that the inhomogeneous recovery near the initial grain boundary in the coarse-grained specimen may be discontinuous. In addition, the thermal fatigue crack progressed in the initial grain interior in the coarse-grained specimen.
To quantitatively clarify the difference between the dynamic recovery and recrystallization with regard to the initial microstructure, i.e., the grain diameter, the changes in the frequency of low-angle boundaries are shown as functions of the number of cycles in Fig. 10 . Here, the ratio of the low-angle boundary length to the total grain boundary length in the measured area was defined as the frequency of the low-angle boundary. As can be seen, in both specimens with 300 cycles, the frequencies of low-angle boundaries increased for both initial materials. This indicates progress of the formation of low-angle boundaries and subgrains by the recovery, as observed in Figs. 8(b) and 8(g). In the case of fine-grained specimens, the frequency decreased after more than 500 cycles; this may be due to the occurrence of dynamic recrystallization. This tendency is similar to that reported in a previous study. 15) In contrast, in the case of a coarse-grained specimen, the frequencies increased to 700 cycles and decreased at 1000 cycles slightly, and the value was higher than that of the fine-grained specimen. Thus, dynamic recrystallization of the coarse grains in the initial microstructure is retarded during the thermal fatigue process. Conventionally, it is well known that the nucleation of new grains occurs at or near the grain boundaries in static and dynamic recrystallization. 36) Thus, it was confirmed that a similar phenomenon results in the thermal fatigue and that the changes in the microstructure depend on the initial grain size. It is thought that nucleation in the initial grain interior retarded in the case of coarse grains.
Expression of dynamic recrystallization during the
thermal fatigue process It is well known that dynamic recovery and recrystallization are quantified by the Zener-Hollomon parameter Z described by eq. (1).
Here, _ ¾ is the strain ratio, Q is the activation energy of high-temperature deformation, R is the gas constant, and T is the temperature. Considering _ ¾ ¼ 3 Â 10 À5 s ¹1 (the strain ratio of the heating stage in this thermal fatigue test), Q = 311 J/mol, 11) and R = 8.31 J/mol·K in eq. (1), we obtain 6 © 10 29 and 4 © 10 10 s ¹1 as Z values at minimum (473 K) and maximum (1073 K) temperatures, respectively. In previous studies on ferritic steels, dynamic recrystallization was observed when the material was processed under a relatively low Z condition. For example, Tsuji et al.
11)
reported a condition wherein the dynamic recrystallization of Ti-added interstitial free ferritic steel occurred at Z ¼ 10 11 s ¹1 at a true strain of 0.8. Yagi et al. 12) reported that dynamic recrystallization occurred at Z ¼ 10 14 s ¹1 at a true strain of 0.8 in high-purity 18% Cr ferritic stainless steel.
Maki et al. 9) found that dynamic recrystallization occurred in 16% Cr ferritic stainless steel containing 0.02% C at Z ¼ 10 9 s ¹1 at a true strain of 0.4. Moreover, it is well known that dynamic recovery and recrystallization depend on not only the Z parameter but also the strain. Murty et al. 22) investigated the dynamic recrystallization of 0.15% C-added ferritic steel in detail, and a map showing the changes in the microstructure was created. According to their results, at a low Z value, e.g., around 10 12 s ¹1 the extent of dynamic recovery and partial recrystallization was higher than that at a true strain of approximately 0.5. The new ultrafine grains generated due to dynamic recrystallization occurred at more than approximately 2.5 true strain. Moreover, they showed that the critical strain for initiation and the strain for the completion of recrystallization were given by eqs. (2) and (3), respectively. 
Here, ¾ c is the strain required for the initiation of new grains and ¾ 99% is the strain required for the completion of new grain formation. When we extrapolate the above critical strains on a Z factor of 4 © 10 10 s ¹1 at the maximum temperature (1073 K) in this experiment using the above equations, we obtain the values 0.3 and 1.7 for ¾ c and ¾ 99% , respectively. In this experimental condition of thermal fatigue, the inelastic strain as a true strain per cycle is very small for the fine-grained specimen (0.0022) and coarsegrained specimen (0.0025), but if it is assumed that this small inelastic strain accumulates in each cycle, a very large strain is realized at the number of cycles corresponding to failure. The concrete accumulation of inelastic strains reaches 0.3, 1.7, and 2.22.4 with the true strain at 120140 cycles, at 680770 cycles, and at the number of cycles to failure. These values do not reach the value (more over 4) corresponding to severe plastic deformation, 7) but it is expected that remarkably large strain acts around the cracks. As shown in Fig. 3 , subgrains were clearly observed in the initial grain interior at 300 cycles and fine recrystallized grains were partially observed at 700 cycles. Thus, the relationship between the accumulation strain and Z for dynamic recovery and recrystallization almost agrees with previously reported results. However, it is hypothesized that Z and the critical strain for the occurrence of dynamic recrystallization also depend on the chemical composition and precipitation. In fact, Yagi et al. 12) reported that even at low Z (Z ¼ 10 14 s ¹1 ), dynamic recrystallization did not occur under the condition in which a number of carbides precipitated in the initial grain boundaries and pinned the boundaries. Because most heatresistant ferritic stainless steels contain Nb and other elements for high-temperature strengthening, solute elements and precipitation are expected to affect the mechanism of dynamic recrystallization related to Z and strain, and these must be examined in detail in the future.
3.5 New grain diameter during the thermal fatigue process Figure 11 shows the inverse pole figure maps around the crack obtained via EBSD measurement for the fine-and coarse-grained specimens after 1174 and 1000 cycles, respectively. Compared to the fine-grained specimen, the coarse-grained specimen has coarse grains and low highangle boundaries after thermal fatigue. This may be caused by the density of the nucleation site depending on the initial grain size. Figure 12 shows the new grain diameters of the subgrains and recrystallized grains as functions of cumulative inelastic strain ranges. The diameters of new grains nucleated during the thermal fatigue process in the coarse-grained specimen seemed to be larger than those in the fine-grained specimen. However, the recrystallized grain size was approximately 10 µm in both specimens and a saturation tendency was observed. Thus, although partial recrystallization was influenced by cracks and heterogeneous deformation, it is thought that the initial grain diameter dependence of the steady-state recrystallized grain size is small. Moreover, because the recrystallized grain size and subgrain size were almost the same, it is hypothesized that the dynamic recrystallization of this state with high cycles is relatively continuous. From this study, it was confirmed that dynamic recrystallization occurred in the thermal fatigue process during which the temperature and strain change repeatedly, and the formation of the microstructure was proved to be affected by the initial grain size. However, because it is expected that this behavior depends on the chemical composition and the thermal fatigue condition, further investigations are necessary.
Conclusions
To understand the effects of grain size on the thermal fatigue behavior and dynamic recrystallization during the thermal fatigue process in ferritic stainless steel, interrupted tests of thermal fatigue at a maximum temperature of 1073 K and a minimum temperature of 473 K with a restriction ratio 50% were conducted for fine-grained (diameter: 38 µm) and coarse-grained (diameter: 221 µm) specimens in an Nband Si-added ferritic stainless steel tube. The main results can be summarized as follows:
(1) Under the condition of thermal fatigue, the fine-grained specimen showed a small inelastic strain range during the thermal fatigue process and had a longer life than the coarse-grained specimen. (2) From the observation of the microstructure using EBSD, it was confirmed that dynamic recovery and recrystallization occurred during the thermal fatigue process. The coarse-grained specimen showed lower nucleus density and retardation of the recrystallization during the thermal fatigue process in comparison with the fine-grained specimen. (3) When we assumed that the inelastic strain accumulates during the thermal fatigue cycles, the relationship between the accumulated strain and Z for dynamic recrystallization almost agreed with previously reported results. For the steady-state partially recrystallized grain size in high cycles, there was little initial grain size dependence. Initial grain diameter of fine-grained specimen
Initial grain diameter of coarse-grainedspecimen Fig. 12 Relationship between the cumulative inelastic strain range during thermal fatigue cycles and new grain diameters.
